I explain why the Standard Model of particle physics represents the best candidate for the physics that will be observed in near future experiments.
Introduction
The Standard Model (SM) of particle physics is in excellent agreement with all experimental observations up to today. Nevertheless, a common view continues that the SM can not be a valid, complete theory of Nature for energies just above the one TeV scale.
Where does this view come from? Why does the model that so elegantly fits all low energy phenomena need to be embedded into a yet unknown but supposedly more fundamental framework for energies around the TeV scale? Traditionally, it is trusted that the reason lies in the SM hierarchy and fine-tuning problems.
First I review the hierarchy and fine-tuning problems in their traditional form. Then, I explain why these so-called obstacles may be only considered as benign problems of the SM -the mismatch between the traditional views and more realistic SM case is more than thirty orders of magnitude. Finally, I show why experimental data and theoretical knowledge strongly point towards the SM as the best candidate for the physics that will be observed in near future experiments.
The vacuum energy problem is also cited as a serious obstacle to the SM. However, the vacuum energy problem only guides toward a conflict between the classical general theory of relativity and its, yet to be understood, "quantum-compatible" version.
The observations presented here certainly do not rule out the standard new physics models. Supersymmetry, technicolor, extra dimensions and other exotic scenarios around the TeV scale all meet Popper's criterion for a scientific theories, that they be experimentally falsifiable. It is rather the theoretical and logical necessity for the existence of these scenarios, particularly at the TeV scale, that is strongly questioned here.
The Hierarchy and Fine-Tuning: Warm Up With Traditional Views
The well-known non-zero vacuum expectation value (vev) of the scalar Higgs field, v EW = 2.462×10 2 GeV, sets the scale of the electroweak interactions. Another wellknown energy scale is the Planck scale, Λ planck ≈ 1.2 × 10 19 GeV, probably setting the scale of the unified theory incorporating gravity. Obviously, many orders of magnitude separate these numbers. Traditionally, this fact is considered a serious obstacle for the SM. The problem termed hierarchy problem expresses doubts that the SM alone can provide a good physical description over such a broad range of energies. Why is that a problem? It is well known that many physical theories give excellent descriptions of the phenomena over a broad range of distance and energy scales. The Newtonian theory of gravity covers more than fifteen orders of distance magnitude. With electromagnetism and photon propagation the range is even more impressive. So, why would the SM be the exception and fail at the energies in the reach of the next generation of accelerators? The traditional, incomplete answer is that the Higgs (along with Z and W's) field is massive and the photon is massless. In other words, the scalar mass squared receives an additive renormalization contribution; mass squared is not protected from the quadratic "infinities"! But so what? This fact itself does not make the existing hierarchy look any worse or any better. The truth is that hierarchy does not constitute a problem of any kind. Only when united with the fine-tuning problem can the hierarchy look persuasive as an obstacle to the SM at high energies.
Chronologically, the SM fine-tuning problem was introduced when technicolor models originated [1] . The logarithmic running of the strong technicolor gauge coupling is offered as a solution to this problem. The problem in its original form is reproduced now.
To characterize the fine-tuning problem it is useful to introduce the dimensionless mass parameter µ = m 2 H (Λ)/Λ 2 . The parameter m H (Λ) represents a renormalized Higgs mass at the cut-off energy scale Λ. The mass running is rudely simplified by
where Λ 0 is some large fundamental scale at which new physics (i.e. a more fundamental framework) parameterizes the SM. Mass runs quadraticaly, g is approximated with a constant (!), and non-zero vev is formed when m 2 H ≈ λv 2 EW , i.e. µ EW ≈ λ; here, in same spirit, scalar's quartic coupling λ is approximated with a constant (!). Now, one may solve for µ 0 = µ(Λ 0 ) with h = Λ 2 0 /v 2 EW and obtain
Clearly, if large hierarchy, for example at the Planck scale where h = Λ 2 planck /v 2 EW ∼ 10 34 , is plugged into this formula a tremendous fine-tuning is found. In other words, new physics at scale Λ 0 = Λ planck could position µ 0 anywhere in between g 2 and λ (if outside this region, the electroweak symmetry would be unbroken), but new physics has chosen a value that is tuned to g 2 with a precision of one in 10 34 . In addition, the more the theory is finely tuned the larger the hierarchy becomes. This is roughly sketched in Fig. 1 .a. If there is no reasonable new physics explanation that may accommodate such tremendous tuning (and with such small numbers it is likely that there is none) the conclusion is that h should not be very large. Therefore, from this line of reasoning, i.e. fine-tuning as originally postulated, it may be concluded that the SM can be a good description only up to very small energies, maybe ten or so times larger than a physical Higgs mass! A few misleading interpretations of the fine-tuning problem have been suggested in the literature. For example, in order that the fine-tuning is avoided the quantity Figure 1 : Illustration of the fine-tuning problem in traditional sense (top sketch) and in the more realistic SM case (bottom sketch). The purpose of these drawings is to show the qualitative distinctions between the functional forms of the two cases; by no means should the two plots be quantitatively compared or separately analyzed. The gauge and Yukawa couplings are labeled with g i and g f respectively while µ a and µ b identify the two possible evolutions of dimensionless mass parameter. [2] to be smaller than one. 1 However, there is no fundamental physical or logical basis for the claim that the loop corrections need to be smaller than the tree level value! This quantity does not communicate the essence of the problem as originally postulated and it is not the appropriate measure of the fine-tuning. In principle, the parameter µ 0 could take a very natural value (in respect to λ(Λ 0 ) and dm 2 H0 /dΛ 2 0 ) while the above quantity may imply that a theory is tremendously fine-tuned.
Different new physics solutions to the fine-tuning problem have been suggested in the past. In supersymmetric theories, for example, bosonic and fermionic radiative corrections cancel and scalar masses run logarithmically. The theory is no longer "technically" unnatural [4] . Unfortunately, the problem itself is transformed into a more difficult one: Why are the numerous masses in the theory at a very high scale, for example the Planck scale, roughly seventeen orders of magnitude smaller than the Planck scale itself? The impression is that technicolor theories with dimensional transmutation and no little parameter may offer a more natural approach. Does this mean that a strong non-perturbative sector at 1 TeV scale should be considered as the Nature's likeliest choice?
Although the absence of a huge fine-tuning should be considered as a very good feature of some theories, it should not be considered a tremendous success. The simple truth is that the SM already gives the best explanation! In the next section the more realistic SM case is elaborated. It is shown that the logic behind finetuning problem, as presented above, fails. And the reason is rather simple -the coupling constants g 2 and λ run logarithmically, and moreover, the parameter µ intersects with g 2 . Therefore, the more the theory is finely tuned, the smaller a hierarchy (see Fig. 1.b) . And the fine-tuning is shown to be benign.
The Hierarchy and Fine-Tuning: The Standard Model Realm
The quantity m H (Λ), introduced above, is sometimes described as a quantity that as a matter of principle [5] cannot be calculated. This, among other, suggests that the whole fine-tuning problem cannot be quantified (ill-posed problem?). A matter of principle refers to the fact that the calculation of m 2 H (Λ) is regularization scheme dependent; if one chooses two different and supposed equally good regularization schemes, one will get two different and supposed equally good answers. However, that certainly does not mean that the quantity m H (Λ) is worthless 2 .
The solution to this problem is to pick one regularization scheme and then check 1 This is found to imply [3] that the preferred SM Higgses fall in the range 195 GeV < mH < 215 GeV when the cut-off scale Λ0 can be 10 TeV. However, it should be noted that there exist other solutions to m 2 H (Λ0) = 0 at higher energies! 2 Although the particular meaning in the absolute sense should not be given to some specific value of this quantity.
whether a tremendous fine-tuning exists at all. Clearly, this is a legitimate thing to do -the tremendous fine-tunning should not be regularization scheme dependent! On the same line of reasoning, identical regularization technique may be used for analyzing the low energy physics (for example, when deciding which Higgs masses are more probable) and for analyzing the high energy behavior of the model. Subsequently, the two sectors can be matched in some logical fashion. In this way, it was shown [6] that the SM Higgses favored by the electroweak precision data (ewpd) analysis at the 2σ level are characterized by the m 2 H turning neg-
< O(200 GeV)] where 1 TeV< Λ HM ZC < 10 TeV ). Heavier Higgses do not share this feature and therefore do not support the Goldstone boson equivalence theorem or the perfect behavior of the scalar propagator at high energies. Moreover, with the positive running quartic coupling λ and negative µ, one does not worry that non-zero vev can be formed. Hence, the hierarchical structures may be trivially explained!
The quantities µ and f = dm 2 H (Λ)/dΛ 2 (paralleling the "constant" g 2 in the previous section) are trivially related as
Obviously, if f is a constant, as in the original formulation, it would represent an ultraviolet fixed point. However f is scale dependent and this introduces a large difference. The framework of M S dimensional regularization is used here. However, any other meaningful regularization yields to same conclusion. 3 The quantities m 2 H and f are calculated using the M S scheme effective potential V ef f at the oneloop level, with all coupling constants running logarithmically at the two-loop level. Here, it is important to make a distinction between the M S parameters m and m H . The M S mass parameter m, as standard, has intrinsic logarithmic running. The parameter m 2 H running quadratically is analyzed in the context of the finetuning problem. It is defined by the tree-level form of the effective potential, i.e.
, where φ cl and φ R stand for classical and renormalized scalar fields.
In Fig. 2 the quantity |(µ − f )/(µ − λ)| is shown for different energy scales Λ against different physical Higgs masses. This figure constitutes the proof that the SM "theory" is far from being tremendously fine-tuned! The common size of 10 −3 can be easily explained as a new physics artifact. 4 Some regions of the parameter space are "small-tuned" by more than one percent! The surprising mismatch in the fine-tuning parameter between the traditional views and the more realistic SM case is greater than thirty orders of magnitude! Furthermore, this result is readily reproduced in any other sensible regularization scheme. Another way to quantify the fine-tuning is to completely ignore the quartic scalar coupling λ and observe the quantity |(f − µ)/µ| alone. As shown in Fig. 3 . the common size of this quantity is even bigger -on the order of ten percent!
Smooth transition to the Planck scale?
Obviously, nothing dramatic prevents the SM from extending to the very high energies. Naturally, one should be ambitious and try to explain the hierarchy up to the Planck (or GUT) scale with the SM structure alone.
In Fig. 4 the dimensionless mass parameter µ is shown over the range, 140-230 GeV, of Higgs masses. Due to the stability and perturbativity constraints [6] , only the 140-170 GeV curves are accepted up to the Planck scale. 5 An exciting feature is easily observed; the µ's in the vicinity of 140 GeV are negative over a whole range of energies, and they very slowly approach zero in the high energy limit. The negativity of dimensionless parameter µ guarantees the good behavior of the scalar propagator at high energies. In other words, the negativity of the mass squared suggests that the mass parameter in the propagator at high energies should be set to zero and that the theory is surely not breaking down below the Planck scale. The stability curve roughly traces the energy scale at which quartic coupling λ goes to zero (more pedantically the scale at which deeper minima form) as a function of physical Higgs mass. Therefore, in Fig. 3 and 4 it is seen that the λ's for Higgses in the vicinity of 140 GeV are positive while µ's are negative over the whole energy range. Therefore, the minimum of the effective potential can not be formed in this range. 6 That is the SM explanation of the fictitious hierarchy problem! Interestingly, the Higgs masses in the vicinity of 140 GeV may happen to be ered unphysical due to the perturbativity constraint. 6 It should be noted that at the Planckian energies both dimensionless quantities characterizing scalar potential, i.e. λ and µ, happens to be suspiciously close to zero! For positive f − µ, as it is indeed satisfied for most of the parameter space, the previous relationship may be rewritten in good approximation as
Now, assume that new physics governs the functional form of the above type with larger value of α in some energy range of validity. Second, assume that the transition from "old" to new physics happens smoothly over at least one or two orders of magnitude. If these two assumptions are correct, then in order to properly match the "old" and new physics the parameter α should grow with energy in the matching range! As may be seen in Fig. 3 this behavior is indeed satisfied for large section of the parameter space around and below the 0.2 isoline. On the other side, just below the perturbativity curve, the transition is rather sharp and f − µ and α change their signs, making the above logic inappropriate. Finally, it should be noted that µ for Higgses in the vicinty of 140 GeV runs almost logarithmically (i.e. as expected) all the way up to the Planck scale. The slowly varying parameter α in Fig. 3 is tightly confined to the region near the value of 0.05.
Conclusion
Why does experimental data and theoretical knowledge strongly point towards the SM as the best candidate for the physics that will be observed in near future experiments? The answer is drawn from the following facts:
-The SM is the correct "theory" at low energies.
-The hierarchy and fine-tuning 7 are not serious problems of the SM.
-The Planck scale, as an important gravity related dimensional quantity, may be addressed by the current theoretical framework. The range of Higgs masses in the vicinity of 140 GeV satisfies all theoretical requirements for healthy physics up to the Plank scale: stability, perturbativity and negativity of the dimensionless mass parameter µ.
-The range of Higgs masses in the vicinity of 140 GeV falls inside 1σ of the ewpd analysis preffered range [8] (or 2σ with Z →bb forward backward asymmetries excluded [9] ).
-Current new physics models at the 1 TeV scale are neither minimal nor required by some burning theoretical necessity.
Clearly, the discovery of the Higgs particle lighter than 130 GeV would definitely be a sign that there is a non-SM physics below the Planck scale. However, nothing guarantees that corresponding new physics needs to show up much below 10 6 GeV scale -energy which is a roughly thousand times larger than the center of mass energies in elementary processes that will be seen in the next decade.
If Higgs happens to weight around 140 GeV, and if Nature has indeed chosen the large SM high-energy desert in front of us, the hopes for discovery of new phenomena should not be lost. It is my strong belief that this exciting challenge will motivate a new set of interesting, clever and successful ways to study Nature. It might be a somewhat longer journey than the one with new physics waiting for us at the 1 TeV scale, but we may be surprised.
